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Is U3Ni 3 Sn 4 best described as near a quantum critical point? 
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Although most known non- Fermi liquid (NFL) materials are structurally or chemically disordered, 
the role of this disorder remains unclear. In particular, very few systems have been discovered that 
may be stoichiometric and well ordered. To test whether U3Ni3Sn4 belongs in this latter class, we 
present measurements of the x-ray absorption fine structure (XAFS) of polycrystalline and single- 
crystal UsNi3Sn4 samples that are consistent with no measurable local structural disorder. We 
also present temperature-dependent specific heat data in applied magnetic fields as high as 8 T 
that show features that are inconsistent with the antiferromagnetic Griffiths' phase model, but do 
support the conclusion that a Fermi liquid/NFL crossover temperature increases with applied field. 
These results are inconsistent with theoretical explanations that require strong disorder effects, but 
do support the view that U3NisSn4 is a stoichiometric, ordered material that exhibits NFL behavior, 
and is best described as being near an antiferromagnetic quantum critical point. 

PACS numbers: 72.15.Qm, 61.10.Ht, 71.23.-k, 71.27.+a 



I. INTRODUCTION 

U3Ni3Sn4 displays characteristic non-Fermi liquid be- 
havior (NFL)ii For instance, the low-temperature mag- 
netic susceptibility \ diverges as T -03 , the leading co- 
efficient for the electronic term in the specific heat 7 = 
C e \/T varies as — T 05 , and the resistivity varies as T 179 . 
Such behavior is at odds with the standard Fermi liq- 
uid (FL) description ( X ~ C cX /T ~ const., Ap ~ T 2 ) 
of Landau^ The present study attempts to differentiate 
between the applicability of various theoretical models 
describing NFL behavior in this system by searching for 
the presence of local lattice disorder and measuring how 
the electronic part of the specific heat is affected by ap- 
plied magnetic fields. 

Current models describing NFL behavior fall into a few 
general classes, including those that invoke close proxim- 
ity to a zero-temperature phase transition, competition 
between interactions such as Ruderman-Kittel-Kasuya- 
Yosida (RKKY) and Kondo effects, and those that in- 
clude magnetic-interaction disorder. For instance, non- 
Fermi liquid behavior in the high-temperature supercon- 
ductors and in some of the heavy fermion systems has 
been postulated to be due to the proximity of these sys- 
tems to a zero-temperature magnetic phase transition. 3 
We will refer to such models as anti- or ferromagnetic 
quantum critical point (AF-QCP or FM-QCP) models. 
Indeed, a number of /-electron compounds and alloys 
have been described as near a QCP, based on the en- 
try of a system into a magnetic phase with increasing 
applied pressure or via chemical substitution ("chemi- 
cal pressure" ) A Millis^ and others£*£*£*2i have developed 
the theory of critical fluctuations at temperatures above 
such a magnetic/non- magnetic QCP, building off earlier 
work by Hertz i& The proximity of a magnetic phase is 
not necessary to obtain an NFL state, however. For in- 



stance, a multichannel Kondo modelii also exhibits non- 
Fermi liquid properties. In addition, even though these 
theories all use a single magnetic interaction strength be- 
tween the / and the conducting electrons (as opposed to a 
distribution), the first-discovered NFL systems also con- 
tain some form of lattice disorder, usually in the form of 
chemical substitution. This raises the possibility that lat- 
tice disorder plays an important role in NFL physics. In 
fact, a broad distribution of effective moments has been 
observed in several systems (for instance, CeRhRuSia 12 
and UPdCu^i 3 ^). These facts prompted researchers to 
consider the role of "magnetic interaction disorder" as 
a microscopic origin for non-Fermi liquid effects. One 
simple theory utilizes only Fermi liquid concepts with a 
distribution of Kondo interactions, and is known as the 
"Kondo disorder model" (KDM) , 13 i 14 Other models that 
consider disorder in the vicinity of a zero-temperature 
fixed point are known as Griffiths' phase models (note 
that the KDM is also a Griffiths' phase model, but is not 
usually classified as such). These include the Griffiths'- 
McCoy singularities that occur in a disordered Kondo 
system, but whose properties mainly derive from local 
antiferromagnetic RKKY interactions within only a few 
clusters Another possible origin of a Griffiths' phase 
occurs when disorder-induced Anderson localization oc- 
curs in the vicinity of a metal-insulator transition^ To 
clarify the discussion, we will refer to the former model 
as the antiferromagnetic Griffiths' phase, or AF-GP, and 
to the latter model as the metal-insulator-transition Grif- 
fiths' phase, or MIT-GP. 

Although most known NFL materials have some intrin- 
sic disorder, a few have recently been identified that ap- 
pear to be stoichiometric and structurally well-ordered at 
ambient pressure. Some examples include YbRli2Si2, 18 
CeNi 2 Ge 2! ia CeCoIngS . and U 3 Ni 3 Sn 4 -i Although some 
of the physical properties of these systems agree with 
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those predicted by the QCP model proposed by Millis, 5 
none of these materials display properties that com- 
pletely agree with it. In addition, it is difficult to 
uniquely differentiate between "pure" QCP models and 
Griffiths' phase models, especially since the Griffiths' 
models have critical exponents that depend upon the 
degree of disorder in a way that is presently impossi- 
ble to quantitatively relate to experimental measures of 
disorder iSi 

Careful consideration of the disorder-based and the 
pure QCP models involves comparisons both of electronic 
and magnetic properties to theory, and thorough charac- 
terization of the degree of structural and magnetic order 
of the samples. The U3Ni3Sn4 situation is complicated 
by the fact that UsNi3Sn4 has been shown to have a 
Fermi liquid ground state below about 0.4-0.5 K, with 
NFL behavior occurring above this crossover region— 
Regardless, in the NFL region, the electrical resistivity 
goes as Ap = p(T) — p ~ T 179 . 1 This dependence is 
roughly consistent with the AF-QCP result of Ap ~ T 15 , 
if one allows for the possibility, as discussed in Ref. 0, 
that the non-Fermi liquid regions of the Fermi surface 
only occupy so-called "hot lines" where magnetic scat- 
tering dominates, and that the rest of the Fermi surface 
constitutes a Fermi liquid regime that could dominate 
the conductivity. The experimental magnetic suscepti- 
bility x{T) diverges as T~ a3 , although the lowest mea- 
sured temperature is 2 K. AF-QCP systems should vary 
as x{T) _1 = Xo 1 + cT a , with a < 1, such as in the 
case of CeCu5.gAuo.1- The U3Ni 3 Sn 4 data can also be 
fit with this form, although the accuracy of the final re- 
sult (a = 0.3 ± 0.2) is limited by the measured tempera- 
ture range. In any case, the magnetic susceptibility data 
can also be interpreted as consistent with the AF-QCP. 
The electronic part of the specific heat is also consis- 
tent with the AF-QCP, varying as as C el /T T 5 . 

Alternatively, these results can be self-consistently ex- 
plained with an AF-GP phas o 15 i 16 and a critical expo- 
nent of A = 0.7, which produces comparably good fits 
to the data— In addition, these data are qualitatively 
consistent with the two-channel Kondo mode!" • - 7 . 
although fits using this model require an unrealistically 
high spin-fluctuation energy. 1 Comparisons to the KDM 
are not favorable either, since the KDM predicts loga- 
rithmic divergences of the magnetic susceptibility and 
specific heat and a linear temperature dependence of the 
electrical resistivity, all of which are clearly at odds with 
the experimental data. In addition, measurements at ap- 
plied pressures up to 1.8 GPa— indicate that the low- 
temperature FL ground state of U3Ni 3 Sn 4 extends to 
higher temperatures with increasing pressure. A scal- 
ing analysis of the FL/NFL crossover temperature as a 
function of applied pressure strongly implies a magnetic 
critical point at a negative-pressure that has been esti- 
mated at -0.04 ± 0.04 GPa. 

Although the measured properties of U3Ni3Sn4 do not 
clearly support any of the various NFL models, there is 
little evidence to suggest that any disorder exists in this 



system, which is inconsistent with both the KDM and 
Griffiths' phase models in spite of their agreement with 
thermal and magnetic data. In particular, single crys- 
tals of the material form, and x-ray diffraction studies 
of available crystals show the material to be consistent 
with the nominal stoichiometry. Moreover, the residual 
resistivity is as low as 7 pQ-cir. 1 . Nevertheless, some 
forms of lattice disorder can be difficult to detect using 
standard diffraction techniques. For instance, if disorder 
occurs in a non-periodic fashion, such as in amorphous re- 
gions or very small domains, only a local structural probe 
such as x-ray absorption fine-structure (XAFS) or pair- 
distribution function (PDF) analysis of powder diffrac- 
tion data will be sensitive to it. In addition, no temper- 
ature dependent structural studies have been performed, 
and disorder broadening of the mean-squared displace- 
ment parameters (Debye- Waller factors) can easily be 
confused with large vibrational amplitudes. Therefore, 
we have undertaken a direct test of the degree of struc- 
tural order in U3Ni 3 Sn4 using XAFS spectroscopy. Al- 
though some technical issues limit the accuracy of the 
estimated maximal disorder levels as detailed below, our 
measurements are consistent with no disorder within ex- 
perimental error, for both single crystals and polycrys- 
tals, based on temperature dependent data from all three 
investigated absorption edges. 



As implied above, merely having the lattice be (mea- 
surably) well ordered may not rule out magnetic inter- 
action disorder. Since the Griffiths' phase models only 
require very few clusters to be dominated by one of 
the competing interactions, such clusters may only have 
a negligible effect on the average lattice disorder in a 
real material. In addition, some heretofore more subtle 
Kondo disorder mechanism may still be applicable (for 
instance, if large fluctuations in the conduction electron 
density of states accompany fluctuations in the hybridiza- 
tion strength in the presence of lattice disorder—). In 
any case, the AF-GP model makes quantitative predic- 
tions regarding the magnetic field dependence of certain 
properties, including the specific heat. Below we com- 
pare such measurements to the AF-GP predictions and 
find they are inconsistent. Instead, we find these data are 
more consistent with the presence of a low-lying magnetic 
phase. 



The rest of this paper is organized as follows. The 
XAFS measurements are described in Sec. [n] including 
a description of the sample preparation and the XAFS 
technique. Sec. IIIII relates the results from the measure- 
ments of specific heat as a function of temperature and 
applied field. All of these results are discussed in rela- 
tion to the various NFL theories in Sec. IIVI and the final 
conclusions are summarized in Sec. [V] 
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FIG. 1: Crystal structure of UaNi3Sn4. Black balls represent 
uranium, gray tin and white nickel. The material is bcc with 
space group 743d and a=9.3524 A. 



II. XAFS MEASUREMENTS 
A. Background 

U3Ni3Sri4 crystallizes into a bcc structure, in the /43d 
space group with the room-temperature lattice parame- 
ter 9.3524 A and a position parameter x=0.082 describ- 
ing the Sn (16e) site (Fig. ^i^S The near-neighbor shells 
are fairly well separated (Fig. |2J). For instance, U has 4 
nearest-neighbor Ni's at 2.86 A, followed by 8 Sn neigh- 
bors at 3.24 A. Ni has 4 Sn neighbors at 2.61 A and 4 
U neighbors at 2.86 A. Sn has 3 Ni neighbors at 2.61 A, 
followed by 6 U neighbors at 3.24 A, and 3 Sn neighbors 
at 3.50 A. 



B. Experimental 

Three of the samples are polycrystalline with nom- 
inal stoichiometries U3.oNi3.oSn4.o, U2.9Ni3.0Sn3. 9, and 
U3.0Ni3.1Sn3. 9. Two single-crystal samples were also 
measured with nominal stoichiometries of U3.oNi3.oSn4.o 
and U2.9Ni3.0Sn3. 9. The stoichiometries of the sin- 
gle crystals has been confirmed by single-crystal x-ray 
diffraction measurements and are, in fact, the same sam- 
ples as those reported in Ref. Q Polycrystalline sample 
stoichiometries are only nominally based on the compo- 
sition of the starting materials. However, we believe they 
are accurate given that the sample weight losses from arc 
melting were always the order of a few tenths of a percent 
or less, and could be entirely attributed to a tendency for 
sample boules to spall on the surface or shatter when first 
struck with the arc discharge. Uranium has an extremely 
low vapor pressure during arc melting, and noteworthy 
weight losses of Sn or Ni material were not observed at 
any composition near the desired stoichiometry. 



All XAFS data were collected on beam lines 4-1 and 
4-3 at the Stanford Synchrotron Radiation Laboratory 
(SSRL) using half-tuned Si(220) double monochromator 
crystals. Samples were placed into a LHe flow cryostat. 
Polycrystalline samples were ground into a fine powder 
under acetone, passed through a 40 /im sieve and brushed 
onto scotch tape, with stacked layers such that the total 
thickness of each transmission sample corresponded to a 
change of about one absorption length at each measured 
edge. Data for the polycrystals were collected at various 
temperatures between 20 K and 300 K at the U Ini and 
Sn K edges in transmission mode, and at the Ni K edge 
in fluorescence mode using a 4-pixel Ge detector^ Single 
crystal data were collected at 20 K at the U L\\\ and the 
Sn and Ni K edges in fluorescence mode. Several scans 
were obtained for each sample at each edge and tem- 
perature, and were fit separately to crosscheck the error 
estimates. Dead-time and self-absorption 3 ^ corrections 
were applied to the fluorescence data. 

Data were reduced and fit in position-space using the 
RSXAP package, 33 i 34 i 35 In particular, the XAFS func- 
tion x(k) is defined as /x(fc)//z#(fc) — 1, where n(k) is 
the absorption coefficient as a function of the photoclec- 
tron wave vector k, and (J,E(k) is the so-called "embedded 
atom" background absorption that is proportional to the 




FIG. 2: Near-neighbor coordinations of the (a) uranium, (b) 
nickel, and (c) tin sites. See Sec. Ill Al for details. 
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FIG. 3: XAFS data for the three polycrystalline samples. 
Single-crystal data are quantitatively similar. Data from the 
various samples are very similar, and so are difficult to differ- 
entiate in the plot. 



50 
40 
30 
20 
10 

<5> 

CO. 

Z 20 

3 

% 10 



H o 

30 



20 



10 



1 1 1 1 1 
(a) U L edge 


1 1 1 1 1 1 

./V tt m: ri-. 

/\ U 3.o Nl 3.o Sn 4.o" 
--U 29 Ni 3o Sn 3s: 

I U ,0 Ni 3, Sn 3,- 
-1 ^ 1 ^ >^ 


- (b) Ni K edge 
—^■^T^y | r- 


1^ 1 — 1 


(c) SnK edge 


i / \/\ " 



3 

•(A) 



FIG. 4: Fourier transforms of the k 3 \(k) XAFS data for the 
polycrystalline samples. U and Sn (transmission) transforms 
are from fc=3.0-15 A -1 , while the Ni (fluorescence) transform 
is from 2.5-12.0 A -1 , and all transform windows are Gaussian 
narrowed by 0.3 A -1 . 



number of generated photoelectrons. The wave vector 
is denned as k = ^J^^(E — Eq). The photoelectron 
threshold energy Eq is defined arbitrarily as the energy 
at the half-height of the edge, and is allowed to vary in 
subsequent fits. Examples of the k\(k) data are shown 
in Fig. |2| for the polycrystalline samples. Data on single 
crystals are similar, both in quality and quantity. 

The scattering amplitudes are all fixed to N{Sq, where 
Ni is the nominal number of neighbors in the ith shell 
for the stoichiometric compound, and Sq is the XAFS 
amplitude scale factor. Each data set was fit with a sin- 
gle value of Sq, assuming full nominal site occupancies. 
All scattering paths also share a single value of Eq. In 
the case where multiple temperatures were collected, av- 
erage values of Sq and Eq were obtained and then held 
fixed for all temperatures for a given edge. Fixing Ni, Sq 
and Eq in the final fits drastically reduces the number 
of fit parameters, but assigns all lattice disorder effects 
to either the measured bond lengths, Ri, or the Debye- 
Waller factors, <7j. In particular, the effect of vacancies is 
placed on the Debye- Waller factors. Measured Sq and Eq 
values for both the single-crystal and the polycrystalline 
data are the same within experimental error. Reported 
error estimates use the larger of either a Monte Carlo 



estimate of the 1-standard deviation displacements (es- 
sentially equivalent to a covariance matrix without hav- 
ing to assume that the statistical-;^ 2 is quadratic near 
its minimum), or the width of the distribution of pa- 
rameters obtained by fitting the individual scans at each 
temperature. Reported errors are generally consistent 
with those obtained from comparisons to standard com- 
pounds, typically ±0.005 A in pair distance and ±10-20% 
in a 2 for near neighbors, with the error roughly doubling 
after about 3 AM 



C. Results 

Figures 01 and [S] show the Fourier transforms (FT) of 
k 3 x(k)- Peaks in the FT's correspond to near-neighbor 
pairs distances in the local structure. Although these 
functions are closely related to the radial distribution 
function, there are some important differences. For in- 
stance, constructive/destructive interference can occur 
(the functions have real and imaginary parts), the scat- 
tering profiles are not Gaussian, and phase shifts occur 
that place the peaks at distances in the FT's that are 
shorter than in the structure by an amount related to the 
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TABLE I: Final fit parameters to the U Lin-, Ni K- and Sn K- edge data at 20 K on three polycrystalline samples of UaNi3Sn4 
with various nominal stoichiometries. U Lni edge fits have Sg = 0.73 ± 0.06 and A_Eo = —10.3 ± 0.4. Ni K edge fits are from 
2.5 to 13.0 A" 1 (Gaussian narrowed by 0.3 A" 1 ) and from 1.4 to 5.0 A, and have Sg = 0.64 ± 0.04 and AE = -0.5 ± 0.5. Sn 
K edge fits have So = 0.95 ± 0.06 and AEo = —8.3 ± 0.1. Diffraction data is provided for comparison (i?diff) and is from Ref. 
Q on a single-crystal sample of U3Ni3Sn4 collected at room temperature. 
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species of absorber and backscatterer. All of these com- 
plications are included in the detailed fits below. Trans- 
mission data were collected out to a fc max = 15 A, and 
fluorescence data were collected out to a /c max = 13 A. 
Fig. [5]shows a comparison between the single- crystal and 
polycrystalline data for the U3.0N13 .oSn 4 samples using 
the same transform ranges. 

There are visible differences between the various data 
sets for a given edge. In particular, the Ni and Sn 
K-edge data on the polycrystalline U3.0Ni3.1Sn3. 9 sam- 
ple consistently show a reduced amplitude compared to 
U3.oNi3.oSn4.o at all temperatures, consistent with some 
disorder or the presence of an amorphous phase contain- 
ing those elements. Although these differences are above 
the signal to noise, it is not possible to discern their ex- 
act cause from the fit results listed below. Differences 
between the polycrystalline and the single-crystal data 
(Fig. [SJ) are similar in magnitude, but complications with 
analyzing single-crystal data, such as dead-time and self- 
absorption corrections, are very likely the cause. 

The basic procedure used here for searching for lat- 
tice disorder is to carry out fits assuming the nominal 
structure, then examine certain parameters for signs of 
disorder. In the fits, each distinct scattering shell in 
the nominal structure out to about 4.7 A is used at 
each edge. Fit results to the data from the polycrys- 
talline samples are reported in Table and are com- 
pared to results from diffraction measurements. The fit 
quality is very high; examples are shown in Fig. Al- 
though all the polycrystalline data were collected as a 
function of temperature, we only show the fit results 
for the coldest measured temperature. No significant 
changes in the fit parameters occur with temperature, 
except that the Debye- Waller factors increase in a man- 
ner consistent with the correlated-Debye model 36 plus a 
temperature-independent offset <7g tatic . Such offsets can 
be used as indicators for non-thermal disorder (a prime 



example occurs in the colossal magnetoresistance man- 
ganese perovskites^ 7 .). Results for the correlated-Debye 
temperature 6 c d and cr^ tatic are shown in Table [I] We 
see no evidence for Cg tatic values inconsistent with zero 
disorder. Note that the preponderance of small, negative 
values of c^ tatic are unphysical and likely due to small 
underestimates of Sq. 

Fit results to the single-crystal data were found to be 
the same as results from the polycrystalline data within 
the error estimates, and so are not reported here. No 
evidence for lattice disorder is observed, as exemplified 
by the consistently low values of the nearest-neighbor 
cr 2 's for the low temperature fits. 

Finally, we consider the possibility of site interchange, 
or site/anti-site disorder. This possibility is very remote, 
however, given the big differences in the radii of the atoms 
involved, except for Sn/U interchange (covalent radii are 
1.42 A, 1.15 A, and 1.41 A for U, Ni and bn, respec- 
tively). Unfortunately, fitting the Sn and U XAFS data 
including some U/Sn interchange gives only a broad re- 
sult: s — 9 ± 10%, where s is the percentage of Sn sitting 
on U (12a) sites. Fits including U/Ni and Sn/Ni site 
interchange were similarly imprecise. The principal dif- 
ficulty in using XAFS (or diffraction, for that matter) 
to measure s between two atomic species is the corre- 
lation between s and the Debye- Waller factors for each 
site. If s is sufficiently large, some of that uncertainty is 
removed. This unfortunate situation is best illustrated 
by looking at the polycrystalline data in Fig. These 
various samples have different stoichiometries, and ob- 
vious systematic differences in the XAFS Fourier trans- 
forms are visible that certainly are at least partially due 
to the various "site interchanges." However, they all fit a 
334-type stoichiometry well (Table Pi. In any case, since 
there are no easily visible peaks corresponding to, say, 
the Sn site in the U data (Figs. E1EJ), we conclude that 
there is probably even less site interchange than allowed 
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FIG. 5: Fourier transforms of the k 3 x(k) XAFS data for the 
nominally UaNi3Sn4 single crystal. Data for the nominally 
U3Ni3Sn4 poly crystalline sample with the same transform 
ranges are shown for comparison. U and Sn transforms are 
from fc=3.0-13 A" 1 while the Ni transform is from 2.5-12.0 
A -1 , all Gaussian narrowed by 0.3 A -1 . 



FIG. 6: Examples of the fits to the (a) U Lin- and the (b) Sn 
K-edge polycrystalline data. Each transform is represented 
by three lines. The inner oscillating line is the real part of 
the complex transform, while the envelope lines are ± the 
amplitude of the transform. Vertical dotted lines show the 
r-space fit range. Transform ranges are as in Fig. 01 



for by the upper limits reported above. This situation is 
in contrast to that in the UPdCu4 system^ In any case, 
the single-crystal diffraction results^ should not have pro- 
duced such high quality fits if much more than 5% of such 
interchange occurs. 



III. FIELD-DEPENDENT SPECIFIC HEAT 
MEASUREMENTS 

A. Experimental 

The heat capacity measurements were performed us- 
ing a Physical Property Measurement System (Quantum 
Design). The temperature was controlled by a Cernox 
thermometer. The temperature error is 1% at 4 K and 
9 T. The heat capacity software uses Quantum Designs' 
"two-r" model to measure the heat capacity of the sam- 
ple. The two-r model simulates the effect of heat flowing 
between the sample platform and sample, and the effect 
of heat flowing between the sample platform and thermal 
bath. 



B. Results 

The specific heat of a U3Ni3Sn 4 single crystal from the 
same batch as the XAFS sample was measured between 
1.8 and 30 K in applied magnetic fields up to 8 T. These 
data are shown in Fig. [7] plotted as C c \/T versus T 5 . 
Here we have already subtracted the hyperfine and lattice 
contribution according to the specific heat analysis re- 
ported previously^ Note that although a nuclear Schot- 
tky term exists for the Sn atoms in the sample, its effect 
can be seen to be negligible for this analysis^ In zero ap- 
plied magnetic field the data follow the C c \/T cx — T Q -'° 
behavior below 6 K, indicative of the non-Fermi liquid 
regime. Increasing the applied magnetic field progres- 
sively depresses the specific heat so that C e \/T shows a 
deviation from square root behavior at lower tempera- 
tures. It is expected that C c \/T tends toward a constant 
value at temperatures lower than 1.8 K, suggesting the 
onset of a Fermi-liquid regime. These results strongly 
imply that the applied fields destroy the magnetic fluc- 
tuations due to a nearby antiferromagnetic critical point. 

On the other hand, if one plots the data as 
C el (H,T)/C e i(H = 0,T) (Fig. EJ, one might inter- 
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FIG. 7: Cei/T as a function of T 5 of U 3 Ni 3 Sn 4 single crystal 
for B = 0, 2, 4, 6, 7, 8 T. The straight line is a guide to the 
eye for the C e i/T ~ T ' 5 behavior. 
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FIG. 8: The ratio of C(H = 8T, T) /C{H = 0T, T) from Fig 
|7| Lines are fits to the AF-GP model described in the text. 



pret the observed peak near 5 K in applied field as 
arising from a Schottky-like feature. This observation 
leads to an alternative explanation of these data pro- 
vided by the AF-GP model. 16 In the high-field limit 
of this model, the specific heat should go as C c \/T = 
A(H 2+x / 2 /T 3 - x / 2 )e-»°« H / T , where A = 0.7 is the afore- 
mentioned critical exponent from the low temperature 
C C \(H — 0)/T and magnetic susceptibility data, ^jl c s 



is an average effective moment of the antiferromagnetic 
clusters, and A is a constant that is difficult to calcu- 
late in the theory and is thus taken as arbitrary. This 
function has been successfully applied to, for instance, 
Ceo.osLao.gsRhlns.' 3 - However, this analysis leaves open 
the question of whether the coefficient A takes on physi- 
cally meaningful values, and whether the aforementioned 
assumption that the data is in the high-field limit is valid. 
Instead, consider the form for the specific heat at any 
field given in Ref. HI 



C el (H,T) (x(3 2 dAA 1 ~ x (E 2 H + A 2 ) 
Jo 



x sech. {(3 J E 2 H + A 2 



ln A 



(1) 



where A is the cluster tunneling energy, luq is the tun- 
neling energy for a single atom, f3 is and 9 is the 
percolation exponent. Eh is the magnetic energy of a 
given cluster, and is given by: 



E H (A) = q/iB 



-In 


:?)] 


.7 





H. 



(2) 



where q gives the magnitude of the average moment 
within a cluster, and 4> — 1(1/2) for ferromagnetic (an- 
tiferromagnetic) interactions. For our data, A « 0.7, 
the percolation scaling exponent for three dimensions 
with no magnetic order is 8 = 3/2, and <fi = 1/2. 
The tunneling frequency cutoff luq is taken as one of 
only two fitting variables, with the other being q/j^, 
which we apply as a single variable. By taking the ratio 
C cl (H = 8T,T)/C cl (H = 0,T) (valid at all fields and 
temperatures), we eliminate the coefficient A. Using this 
form, we find that no combination of fitting variables 
produces a satisfactory fit. For example, Fig. [S] shows 
a typical calculation where the parameters were chosen 
to give a peak in C ci (H = 8T,T)/C A (H = 0,T) in the 
vicinity of the observed peak. This "fit" produces far 
too large a peak compared to the peak in the data. The 
best fit actually places the Schottky-like anomaly below 
the observed range with a very small effective moment 
(~l/100 th of that from Ce .o5Lao.9 5 RhIn 5 ). We there- 
fore conclude that the AF-GP model (as posed) does not 
describe the physics in UsNisSn.}. 



IV. DISCUSSION 

Deviations from the nominal structure in the fit results 
can occur in a number of ways. First, the measured 5 2 
amplitude reduction factors should be in a range that 
has been experimentally measured before, since this fac- 
tor represents inelastic losses and errors in the theoretical 
backscattering amplitudes that only weakly depend on an 
individual system. Indeed, our measurements fall within 
acceptable rangesi^^iiS Second, the temperature depen- 
dence of the Debye- Waller factors can be compared to 
a correlated-Debye model, with large offsets indicative 
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of static (i.e. non-thermal) disorder or distortions. In all 
cases, we see no abnormally large offsets. Third, the mea- 
sured pair distances should be reasonably close to those 
measured by diffraction, which is consistent with our 
measurements (Table©. Fourth, various site- interchange 
possibilities should be considered, such as U sitting on 
the (nominally) Sn (16c) site. Although these fits are 
not particularly sensitive to such interchanges, our mea- 
surements are consistent with no site interchange. Fi- 
nally, the results from the single-crystal and the polycrys- 
tallinc samples are virtually identical. Together with the 
single-crystal diffraction results^ we must conclude that 
the U3NiaSn4 system is structurally well ordered, and is 
much more ordered than, say, the UPdCu4 systemi ?^ 4 ? 
Although such crystalline order does not rule out some 
other source of magnetic-interaction disorder that might 
be consistent with a Kondo disorder model or a Grif- 
fiths phase model, it certainly rules out extensive lattice 
disorder. In addition, although these structural studies 
cannot rule out the presence of small amounts of disor- 
der, previous work within the simplest form of the Kondo 
disorder model has shown that significantly more disor- 
der would have to be present for that model to work (in 
UPdCu4, for instance, Ref. ^3 estimates that at least 
0.002 A 2 of static disorder is necessary to produce NFL 
behavior from the KDM). 

Even with small, undetected amounts of disorder, Grif- 
fiths' phase models may be capable of describing the 
physics in this system. In the AF-GP model, for instance, 
the exact relationship between the required degree of dis- 
order as measured by the number and distribution of an- 
tiferromagnetic clusters and the physical properties re- 
mains unclear. However, the AF-GP model makes very 
clear predictions about the evolution of the specific heat 
with applied magnetic field. We show in Sec. II I II that 
these predictions do not describe the observed features. 
Until more precise, measurable predictions relating dis- 
order to physical properties are obtained, we conclude 
that disorder presents at best a small perturbation to 
this system. Of course, some other specific-heat anomaly 
of unknown origin may be responsible for the observed 
change in the FL/NFL crossover temperature with field. 
However, without any possible candidates for such an 
anomaly, these results leave the AF-QCP theory as the 
only current alternative. 

There are other requirements for an AF-QCP theory, 
of course. For one, the system must be very near a 
magnetic/non-magnetic instability. Measurements un- 
der applied pressure indicate this instability may exist 
at a small negative pressure, based on a scaling of the 
resistivity behavior. We thus expect that if the magnetic 
phase is antiferromagnetic, an applied magnetic field will 



also move the system toward a Fermi liquid regime. The 
data presented in Fig. indicate this system behaves ex- 
actly as one expects if the system is near a magnetic/non- 
magnetic instability, and are therefore qualitatively con- 
sistent with models that include antiferromagnetism as a 
competing interaction. 

V. CONCLUSION 

In summary, we have measured the local structure 
around the constituent atoms in U3Ni3Sn4 single crys- 
tals and polycrystals as a function of temperature and 
stoichiometry. These data follow typical Debye-modcl 
dependences in the measured pair-distance distribution 
widths with no static (i.e. non-thermal) offsets. More- 
over, the measured local structure agrees well with the 
previous single-crystal diffraction studiesi In addition, 
the relatively low residual resistivity and all other evi- 
dence indicates that this system is structurally well or- 
dered. We also report specific heat data that are clearly 
inconsistent with the antiferromagnetic Griffiths' phase 
model. These data instead suggest a recovery of Fermi 
liquid behavior under modest applied magnetic fields, 
qualitatively consistent with the interpretation that ap- 
plied fields destroy magnetic fluctuations in the vicin- 
ity of a quantum critical point. This result is also con- 
sistent with work under applied pressure that indicates 
a negative-pressure QCP^ Taking all these results to- 
gether, we have ruled out the simple form of the KDM 
and the AF-GP theories. In addition, the lack of mea- 
surable disorder does not favor other disorder-based the- 
ories, such as the MIT-GP. With no indications to the 
contrary, we conclude that the best current description 
of UsNi3Sn4 is that of a system near an antiferromagnetic 
quantum critical point. 
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